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Abstract: This paper presents an alternative approach of Network Structural Characteristics Theory (NSCT) for solving
reactive power allocation problem within a power network. The approach is explored to establish the amount reactive
power each generator is delivering to the loads within the network.  The theoretical background of NSCT based on
fundamental  circuit  theory  is  presented.  The  problem is  then  formulated  as  a  linear  combination  of  the  network
parameters  and the network topology from the circuit  theory point  of view.  This linear  formulation  eliminates the
challenges encountered in the traditional approach which is iterative dependent. The effectiveness of the approach is
verified  using a simple 3-bus and  an equivalent  10-bus of  the Southern Indian  network.  The results  obtained  are
compared with that obtained from the existing approaches. The approach of NSCT provides solution to the problem
quickly (in a single computational step) without carrying out the repetitive and time-consuming power-flow analysis.
The results obtained show the superiority of NSCT over the existing iterative-based approaches.
Key words:  Network structural  characteristics Theory,  power-flow analysis,  reactive power management,  cascading
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1 INTRODUCTION
The frequent occurrence of most cascading failures
in power networks has been associated with the shortage
of  reactive  power  within  the  network.  Most  research
studies  are  based  on  the  assumption  that  increase  in
withdrawal of either the active or reactive power at load
nodes beyond a certain range could lead to a cascading
failure and hence voltage collapse within the networks.
Efficient  power  system  operation  highly  requires  an
adequate reactive power control and management. This
is  because  proper  reactive  power  management  and
monitoring  is  a  key  factor  in  reliability  and  security
assessments of a power system. Moreso, the variations of
the  voltage  at  various  buses  depend  on  the  load,
generation  pattern  and  the  structural  topology  of  the
transmission network. Consequently, voltage magnitudes
at various buses, within the network, are controlled by
the absorption and injection of reactive power within the
network. For a reactive power balance and hence voltage
stability  to  be  ensured,  a  fair  allocation  of  reactive
power,  within  the  network,  is  of  utmost  importance.
Conventionally,  reactive  power  is  usually  made to  be
confined to local consumption. This is done by locating
the generators very close to the primary energy sources
within the system. This motivates the electricity market
for  easy  tracing  and  also  in  determining  the  value  of
reactive supply of the sources. 
Traditionally,  the  existing  approaches  for  solving
reactive power allocation problem varies from linear to
nonlinear  optimization methods.  One of the  pitfalls of
these  optimization-based  techniques  is that  they  are
computationally  complex  in  terms  of  time  and  space
(computer storage). Another major challenge is the non-
convexity in the  nonlinear  formulations of the models.
This  non-convexity  nature  of  the  models  is  a  serious
challenge in providing a global solution to the problem.
Consequently,  many of  these  approaches  provide  sub-
optimal or local minima instead of global minima as the
solution to the problem.  Sub-optimal solution could be
obtained  as  a  result  of  convergence  problem.  This
situation mainly arises in large-sized practical networks
and radial, ill-conditioned or topologically weak power
networks.  This  is further  compounded  when  the
nonlinearity  associated  with  the  formulations is  fully
taking  into  consideration.  In  most  applications, a
linearized algorithm is usually employed as a result of
this  difficulty.  This  linearized  DC  power-flow  is  the
network model which is often explored in solving power
system problems due to its computational simplicity [1],
[2].  However,  the  linearized  solution  ignores
transmission  losses  as  well  as  assuming  near  perfect
reactive power support while only the active power flow
is  considered  [3].  However,  since  the  linearized
technique  assumes  a  perfect  reactive  power,  its
application  is not  useful  for  the  reactive  power
allocation.  This  is  due  to  the  fact  that  the  linearized
model could provide misleading information if applied
to  allocate  reactive  power  within  power  networks.
Although,  the  linearized  techniques  are  much
straightforward because the associated sets of equations
are  linearly  dependent  for  nodal  power  balance,  the
accuracy of the solution is greatly reduced. Moreso, the
method  becomes  much  less  accurate  as  the  power
network becomes heavily loaded with a high R/X ratio.
Consequently,  there  may  be  a  convergence  problem
which  could  lead  to  a  situation  where  no  acceptable
solution to the problem is achieved [4].
These  challenges  have  been  a  growing  concern
among  researchers  in  recent  times.  Consequently,  in
providing  an  efficient  solution  to  reactive  power
allocation problem, the problem  has been viewed from
different  perspectives and various  alternative  methods
have  been  proposed  and  reported  in  the  literature.
Although, it has been documented in the literature that a
strong  coupling  exists  between  voltage  magnitudes  at
various network nodes and the reactive power, the role
of the network structure that governs this relationship for
efficient  reactive  power  management  has  not  been
investigated holistically.  Reference [5] developed a new
approach  of  allocating  the  cost  associated  with  the
reactive power purchased in an auxiliary market using a
modified y-bus matrix approach. This approach is further
revisited by Khalid et al. in [6].  The problem is tackled
by proposing a novel approach to solving reactive power
allocation  problem  from  the  perspective  of  modified
nodal equations. The authors’ approach to the problem is
mainly  based  on  the  solved  power-flow  analysis.
Although,  the  structural  characteristics  of  the  network
are captured in the network bus admittance matrix, the
nonlinear  formulations associated with the power-flow
based  methods  have  hampered  their  full  benefits  in
solving  reactive  power  allocation  problems.  More
recently, the structural properties, which are inherent in
power  networks  have  been  shown  to  have  a  great
potential  in  solving  most  power  system  problems
without the need for solving the nonlinear power flow
equations [7], [8]. However, it is believed that there are
more to the theory than we have had in the past. This
paper, therefore, attempts to resolve the issue of reactive
power  allocation  management  through  the  use  of
network  structural  characteristics  of  power  networks
from the basic circuit theory point of view without the
need  to  carry  out  the  repetitive  and  time-consuming
power-flow  analysis.  The  remainder  of  the  paper  is
organized as follows. Section 2 presents  mathematical
formulations based on the NSCT of power networks.  A
brief  description  of  the  case  studies  used  to test the
efficiency  of  the proposed  approach,  are  presented  in
section  3.  Section  4  presents  the  results  and their
discussions while the study is concluded in section 5.
2 MATHEMATICAL FORMULATIONS  
This  section  presents  the  theoretical  and
mathematical  formulations  for  the  two  approaches
considered  in  this  paper.  The  concept  of  structural
characteristics, based on the fundamental circuit theory,
is  first  presented  followed  by  the  modified  nodal
equations.
2.1. The network structural characteristics theory
approach
From  the  fundamental  circuit  laws,  network
equations  are  generally  formulated  based  on  either
Kirchoff’s  Current  Law  (KCL)  or  Kirchoff’s  Voltage
Law (KVL). It is more convenient to use KCL in power
systems in order  to take the advantage of  the sparsity
nature of the network. By applying KCL at each node of
an n-bus power system network, the nodal equations can
easily be expressed as [8]
I YV= (1)
where  I is the current injection at both generator  and
load  buses,  Y is  the  network  connection  matrix
popularly  known  as  bus  admittance  matrix  is  the
network  bus  impedance  matrix,  V  is  the  complex
voltage at the generator and load buses.  The structural
interconnections between the nodes are captured in the
system bus admittance expressed by (1). 
Equation (1) gives a linear relationship between the
injected  currents  at  various  buses  and  the  voltages
within the network. These linear equations presented in
(1) become nonlinear equations when reformulated from
a load flow perspective and the benefits of the structural
characteristics  of  the  network  is  lost.  Consequently,
solution  to  the  reformulated  equations  could  only  be
obtained  using  iterative  procedures  with  various
associated challenges.  This paper therefore focuses on
how  the  linear  relationship  between  the  network
parameters  and  the  network  structure  could  be
maintained  in  order  to  provide  a  quick  solution  to
reactive power allocation problem.
For  an  n -bus  power  system,  (1)  can  easily  be
expanded as
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In order to provides a clear distinction between the
network  load  nodes  and  generator  nodes,  (2)  can  be
written as
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where  GI and  LI are  the  injected  currents  at  the
generator  bus  and  load  bus  respectively.
, ,GG GL LGY Y Y and  LLY are  the  submatrices  of  the
partitioned system bus admittance matrix. GV and LV are
the  complex  voltages  at  the  generator  and  load  buses
respectively.
By  considering  the  relationship  between  the
generator node and load node voltages and currents, (3)
can be written as [7], [8].
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where 
1 LLLL YZ  (5)
                       LGLLLG YYF
1                 (6)
     1 LLGLGL YYK               (7)
       LGLLGLGGGG YYYYA
1             (8)  
                       
Alternatively, (3) can easily be manipulated and
expressed as
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where
1 GGGG YZ          (10)
GLGGGL YYH
1             (11)
1 GGLGLG YYW             (12)
GLGGLGLLLL YYYYC
1         (13)
The  network  structural  characteristics  inherent  in
power  system  networks  are  actually  captured  by  the
expressions given in (5) – (8) and (10) – (13). Although,
various  power  system  issues  have  been  resolved  by
exploring the identified network structural characteristics
indices in the literature, their application in providing a
quick solution to reactive power allocation problem still
remains an issue in a restructured electricity economy.
Equation (7)  is  used  in  this  paper  to  allocate  reactive
power within the network.
Expansion of equation (4) results in [8]
L L L LL L L LG GI V I Z I I F V
* * *´ = ´ ´ + ´ ´         (14)
    
 The imaginary parts of (14) represents the reactive 
power loss based on the NSCT. This can easily be 
expressed as
                    Generated Load LossQ Q Q= +                (15)
where 
LoadQ  is  the reactive  power  received  by the load,
LossQ  is the complex power loss by the generators to
meet  the network  power  demands and  GeneratedQ is
the complex power supplied by the generators.
If 1 2, ,...,D D DnQ Q Q  represent the network reactive
power demands connected at buses  1,2,..., n  then, the
matrix that contains all network reactive power demands
can be written as 
[ ]1 2, ,...,L D D DnQ diag Q Q Q=
(16)
The  total  reactive  power  within  the  network  can
easily be allocated to network generators based on the
structural  characteristics  inherent  in  power  networks
using the absolute value of (7) in conjunction with total
demands given by (16). This can be expressed as
{ }Imcontribution L GLQ Q K= ´                   (17) 
3 ILLUSTRATIVE EXAMPLES
Two  different  case  studies  are  considered  in  this
paper.  First,  a  simple  3-bus  network  whose  data  are
adapted  from  [5].  The  3-bus  network  consists  of  2
generators placed at buses 1 and 3 while bus 2 is a load
bus. In the second case, a 10-bus network of Southern
Indian network whose network is shown in  Figure 1 is
considered. It consists of 3 generators placed at buses 1
to 3 and 7 loads located at buses 4 to 10. The line data
for the 10-bus network is presented in Table 1.
Figure 1: Southern Indian 10-bus network [8]
Table 1: Line data of the Sothern Indian Network
From To R (pu) X (pu) B/2 (pu)
1 5 0.00272 0.02872 1.51829
1 4 0.00569 0.06008 0.79414
1 2 0.00477 0.05103 0.72673
2 10 0.00676 0.09429 0.75003
10 6 0.00546 0.06794 0.88836
7 9 0.00289 0.03603 0.46222
3 9 0.00145 0.01802 0.93968
7 4 0.00589 0.05995 0.78410
7 5 0.00430 0.04770 0.63700
5 8 0.00388 0.04834 0.65470
3 8 0.00297 0.03706 0.47543
6 7 0.00040 0.00400 0.15000
4 RESULTS AND DISCUSSIONS
4.1. Case 1: A simple 3-bus network
The results presented  by the approach  proposed  in
this paper are compared with the existing iterative-based
methods presented in [5] and [6]. 
Table 2: Comparison of results for a simple 3-bus network
Method Reactive
power by
Gen-1
(MVAR)
Reactive
power by
Gen-3
(MVAR)
Reactive
power  at
Load bus 2
(MVAR)
Ref. [5] 68.443 31.557 100.000
Ref. [6] 51.894 48.106 100.000
Proposed 57.757 42.630 100.3867
Based on the results presented in Table 2, it can be
seen  that  while  the  existing  iterative-based  methods
provide  solution  based  on  the  assumption  that  the
transmission  network  is  lossless,  the  results  obtained
based on the NSCT accounts for the reactive power loss
as given in (14). In other words, the methods proposed
in refs [5] and [6] only make provision for allocation of
reactive powers  to  each  generator  without  considering
the network reactive power loss. For example, in ref [5],
generator  connected  at  bus  1  has  68.443  MVAR
allocated to it while 31.557 MVAR is allocated to the
generator located at bus 3. In a similar manner, 51.894
MVAR is allocated to be supplied by generator located
at bus 1 while 48.106 MVAR is to be supplied by the
generator placed at bus 3 using the method proposed in
ref  [6].  In  order  words,  these  existing  iteration-based
methods only accounts for reactive power of 100 MVAR
which is required by the load connected at bus 2. The
proposed approach of NSCT takes into consideration the
reactive  power  loss  and  hence,  57.757  MVAR  is
required to be supplied from the generator located at bus
1  while  the  generator  placed  at  bus  3  is  required  to
supply  42.630  MVAR.  These  amount  to  100.3867
MVAR. Hence, based on the proposed, both generators
placed at buses 1 and 3 supplied a total reactive power
loss of 0.3867 MVAR.  This approach could be useful
for  reactive  power  allocation  in  a  restructured  power
network for allocating the cost of reactive power sources
to  network  participants. It  is  worth  stating  that  the
existing approaches provide the solution to the problem
in 3 iterations while it took only one computational step
for the proposed approach to provide the solution to the
problem.  It  worth  stating  that  the  results  presented
through  the  use  of  NSCT  are  obtained  in  just  one
computational step, which makes its applications to be
more  suitable  for  solving  reactive  power  allocation
problem in a practical power network.
4.2. Case 2: A Southern Indian 10-bus network
The  second  illustrative  example,  based  on  the
proposed  approach,  is  demonstrated  using  a  Southern
Indian  10-bus  network  and  the  results  obtained  are
presented in Table 3.
Table 3: Reactive power allocation for the Southern Indian 10-
bus network
Bus no Actual
Load
(MVAR)
Reactive
power by
Gen-1
(MVAR)
Reactive
power by
Gen-2
(MVAR)
Reactive
power by
Gen-3
(MVAR)
4   50 32.5172  3.9733 13.9407
5 125 79.5266  4.1496 41.8544
6 100 38.9861 10.4512 51.1262
7 100 38.8223 14.1267 47.0739
8 150 45.1525   3.2801 101.8899
9 120 12.0535   6.1555 101.9572
10   25   6.1421 14.9082    4.0957
Total 670 253.2003 57.0446 361.9380
The amount of reactive power required for a stable
operation of the network are allocated to each generator
based on the NSCT. From the results, reactive powers of
253.2003  MVAR,  57.0446  MVAR  and  361.9380
MVAR are  allocated  to  each  of  generators  located  at
buses 1, 2, and 3 respectively. It can also be seen that the
larger percentage of the reactive power is apportioned to
the  generator  located  at  bus  3  followed  by  generator
located  at  bus  1,  while  the  least  reactive  power  is
allocated to the generator placed at bus 2 in the network. 
The  reactive  power  loss  is  determined  based  on
NSCT  and  the  loss  associated  with  each  bus  in  the
network under consideration are presented in figure 2.
The total reactive loss amounts to 3.1892 MVAR with
the  largest  reactive  power  loss  associated  with  bus  6
(0.5635  MVAR)  and  the  least  reactive  power  loss
associated with bus 7 (0.0229 MVAR). The computation
of reactive power losses as determined based on NSCT
could be found useful in identifying the load node where
a  reactive  power  compensator  such  as  static  VAR
compensator  (SVC)  could  be  located.  Based  on  the
results obtained, as evident from Figure 2, bus 6 is the
load node where a reactive power compensator could be
placed for a better performance of the network.   
Figure  2:  Reactive power  loss based on NSCT in a 10-bus
network
5 CONCLUSION
In this paper, an alternative approach of NSCT for
allocating reactive power to network generators has been
presented.  The  mathematical  formulations  of  the
approach  based  on  the  basic  circuit  theory  laws.  The
approach of NCST is tested on a simple 3-bus network
and the results obtained are compared with that obtained
from  the  existing  time-consuming  power-flow  based
approaches, which rely on iterative procedures for their
solutions. Based on the results obtained, it is seen that
the  proposed  approach  allocates  reactive  power  to
generators  faster  than  the  existing  methods,  whose
mathematical  formulations  are  nonlinear  in  nature.
Furthermore,  the  existing  methods  assume  lossless
network.  This  notion  is  not  applicable  for  a  practical
power system, which therefore make them unsuitable for
practical applications. This paper investigates further, the
role  of  NSCT in  determining  the  reactive  power  loss
within  the  network.  This  shows  the  capability  of  the
proposed method in solving a reactive power allocation
problem in power networks. The challenge of a slack bus
selection  and  convergence  problem  as  a  result  of
singularity  of  the  network  Jacobian  matrix  that  are
associated with the existing methods are avoided in the
proposed approach.  It can therefore be inferred that the
proposed  approach  is more efficient in solving  reactive
power  allocation  problems  than  the  existing time-
consuming power-flow based approaches.
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